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Lithium-ion  batteries  for  space  applications,  such  as  satellites,  are  subjected  to  cosmic  radiations,  in  par¬ 
ticular,  7-irradiation.  In  this  study,  the  effects  of  this  radiation  on  electrolytes  and  their  components  used 
in  the  lithium-ion  batteries  are  investigated.  The  conductivity  and  viscosity  of  the  samples  have  been 
measured  before  and  after  the  irradiation.  The  modifications  are  evaluated  by  spectral  analyses  such 
as  Fourier  transform  infrared  spectroscopy  (FTIR),  nuclear  magnetic  resonance  spectroscopy  and  13C 
NMR),  solid  phase  microextraction-gas  chromatography  (SPME-GC)  and  gas  chromatography-mass  spec¬ 
troscopy  (GC-MS).  The  experimental  results  show  that  only  the  samples  containing  vinylene  carbonate 
and/or  the  lithium  salt  LiPF6  are  degraded  by  7-radiation. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Batteries  used  to  store  energy  on  board  of  space  vehicles  must 
fulfil  severe  requirements:  high  energy  density,  long  term  cycling, 
high  charge  efficiency,  low  self-discharge  [1,2].  This  is  especially 
true  in  the  case  of  recent  high  power  (above  10  kW)  long  life 
(10-15  years)  geostationary  satellites  where  the  battery’s  weight 
may  represent  up  to  10%  that  of  the  satellite  making  it  the  heavi¬ 
est  satellite’s  component.  Considering  the  potential  advantages  of 
the  lithium-ion  technologies  for  space  missions,  CNES,  ESA  and 
SAFT  have  initiated  in  1996  a  program  aiming  to  develop  and  fly 
a  space  lithium-ion  battery  on  an  experimental  program.  This  bat¬ 
tery,  the  pathfinder  for  lithium-ion  in  space,  was  launched  on  board 
of  SMART  I  on  September  27,  2003  and  flew  successfully  during 
the  3  years  of  the  mission.  Since  then,  lithium-ion  batteries  have 
demonstrated  on  several  spacecrafts  their  ability  to  fit  at  best  space 
requirements  and  are  therefore  today  considered  as  the  baseline 
solution  for  geostationary  satellite  [3].  As  all  space  equipments, 
batteries  are  subjected  to  radiations  during  their  life  in  orbit  so 
the  effect  of  7-rays  on  them  has  to  be  considered  [4].  With  the 
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previous  generation  of  alkaline  space  batteries  (nickel-cadmium, 
nickel-hydrogen)  this  aspect  was  of  limited  concern  as  they  use 
aqueous  electrolytes  and  thick  steel  containers  acting  as  radiation 
shields.  This  is  not,  of  course,  the  case  with  lithium-ion  technol¬ 
ogy  which  uses  organic  electrolytes  and  thin  aluminium  containers 
therefore  it  is  now  of  vital  importance  to  investigate  effects  of  radi¬ 
ations  on  the  battery’s  components. 

The  behavior  of  commercial  Li-ion  cells  with  LiCo02  and 
graphite  as  electrode  materials  in  the  presence  of  7-rays  has  already 
been  investigated  [5,6].  Experimental  results  indicate  that  the  cell 
performances  are  substantially  deteriorated  owing  to  radiation- 
induced  defects  in  LiCo02  and  production  of  carboxyl  radicals  [5]  in 
the  electrolyte.  The  radiation  effects  on  LiCo02  active  material  have 
been  reported  recently  [6].  It  is  found  that  the  exposure  to  radia¬ 
tions  results  in  a  change  in  the  cobalt  valence,  an  extent  of  the  Li-Co 
cation  occupancy  exchange  and  a  decrease  in  the  electrochemical 
capacity. 

The  aim  of  the  present  work  is  to  investigate  the  effect  of  7-rays 
on  the  electrolyte  as  a  whole  and  on  the  different  solvents  and  addi¬ 
tives  used  in  the  formulation  of  the  electrolyte:  ethylene  carbonate 
(EC),  propylene  carbonate  (PC),  7-butyrolactone  (GBL),  dimethyl 
carbonate  (DMC),  diethyl  carbonate  (DEC),  methyl  butyrate  (MB), 
ethyl  acetate  (EA),  and  vinylene  carbonate  (VC).  All  these  compo¬ 
nents  have  been  characterised  before  and  after  irradiation  by  1 H 
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and  13 C  NMR,  IR,  GC-MS  and  SPME/GC-MS.  Electrolyte  mixtures 
(PC/EC/DMC,  EC/DEC,  EC/BL),  containing  LiPF6  or  LiBF4  and  VC  (or 
not),  have  been  characterised  by  their  viscosities  and  conductiv¬ 
ities  before  and  after  irradiation.  All  samples  have  been  exposed 
to  a  20  kGy  (2  Mrad)  total  dose  but  using  two  different  dose  rates: 
7.9  Gy  h-1  (high  rate,  HR)  during  107  days  and  1.6  Gy  h-1  (low  rate, 
LR)  during  523  days  in  order  to  investigate  the  influence  of  the  dose 
rate  on  the  degradation  of  the  electrolyte  molecules. 

2.  Experimental 

2.1.  Materials 

Solvents:  ethylene  carbonate  (EC),  propylene  carbonate 
(PC),  dimethyl  carbonate  (DMC),  diethyl  carbonate  (DEC),  y- 
byturolactone  (BL),  methyl  butyrate  (MB),  and  ethyl  acetate  (EA) 
are  purchased  from  Aldrich  (anhydrous  99.5%)  and  are  used 
as  received  without  further  purification.  Lithium  salts:  lithium 
hexafluorophosphate  (LiPF6)  and  lithium  tetrafluoroborate  (LiBF4) 
are  obtained  from  Aldrich  and  could  be  used  as  received  (battery 
grade,  >99.99%).  The  preparation  of  all  the  solutions  is  performed 
in  dry-box  atmosphere  containing  less  than  0.1  ppm  H2O  (MBraun 
Unilab). 

Tables  la  and  lb  detail  the  composition  and  constitution  of 
samples  studied  in  our  work,  along  with  their  classification.  Each 
sample  is  divided  into  three  batches:  the  first  is  the  control  sam¬ 
ple  (quoted  T),  the  second  is  exposed  to  a  high  irradiation  dose 
(7.9  Gy  h-1 ,  quoted  as  HR)  during  107  days  and  the  third  is  exposed 
to  a  low  irradiation  dose  (1.6  Gy  h- 1 ,  quoted  as  LR)  during  523  days. 
The  batches  HR  and  LR  received  the  same  total  dose:  20  kGy. 

Irradiation  has  been  carried  out  in  a  dedicated  room,  equipped 
with  a  60Co  source.  This  type  of  source  produces  1.17  and  1.33  MeV 
gamma  rays  that  are  able  to  deposit  ionizing  energy  homogeneously 
on  thick  samples.  Gamma  rays  generate  secondary  electrons  that 
lost  their  energy  mainly  in  ionizing  processes:  this  means  that 
the  ionizing  dose  is  in  fact  deposited  by  electrons.  The  irradiation 
room  is  underground  and  thus  is  naturally  thermally  regulated  at 
19  ±  2  °C  over  long  periods  of  time.  The  irradiation  room  has  been 
fully  characterised  by  a  TLD  dosimetry.  At  every  time,  radioactive 
activity  decay  of  the  source  is  taken  into  account  to  calculate  the 
dose  rates;  furthermore,  dose  rates  are  periodically  controlled  with 
an  ionization  chamber  dosimeter  of  the  type  “RADCAL  2026C”. 

2.2.  Measurements 

Ionic  conductivities  are  measured  using  a  Crison  (GLP  31 )  digital 
conductimeter  operating  at  variable  frequencies  associated  with  a 
conductivity  cell  Crison  52-92  equipped  with  platinum  electrodes 
covered  by  black  platinum  (cell  constant:  1  cm-1 ).  Measures  were 
obtained  with  accuracy  of  0.01  p-Scm-1.  The  temperature,  fixed  at 
25  °C,  is  regulated  by  a  JULABO  thermostated  bath.  Viscosities  are 
measured  using  a  TA  instrument  rheometer  (AR 1000)  with  conical 
geometry  at  25  °C,  with  accuracy  of  0.01  mPa  s. 

Samples  composition  is  analyzed  by  Fourier  transform  infrared 
spectroscopy  (FTIR)  before  and  after  irradiation.  All  infrared  spectra 
are  obtained  from  samples  cast  into  a  NaCl  plate  using  a  Brucker 
EQUINOX  55  FTIR.  In  the  case  of  solid  samples,  a  KBr  plate  was 
made  with  a  press  (Specac). 

and  13  C  NMR  spectra  were  recorded  in  CDCI3  at  room  tem¬ 
perature  on  a  Bruker  Advance  DPX  200  spectrometer  using  5  mm 
sample  tubes.  Proton  and  carbon  resonances  were  referenced  inter¬ 
nally  to  tetramethylsilane  (TMS). 

GC-MS  instrumentation  consisted  of  a  Hewlett-Packard  system 
(HP  5890  series  II  GC  with  an  HP  5989A  quadruple  MS).  A  Vf- 
5MS  25-m  x  0.25-mm  x  0.25-p,m  capillary  column  and  a  helium 


(99.99%)  carrier  gas  at  a  flow  rate  of  1  mLmin-1  were  used.  The 
injector  temperature  was  maintained  at  250  °C,  and  all  injections 
were  made  in  splitless  mode.  The  GC  oven  was  held  at  50  °C  for 
1  min  and  then  programmed  to  250  °C  at  10°Cmin-1  and  main¬ 
tained  for  10  min.  The  GC-MS  transfer  line  was  maintained  at 
280  °C,  electron  ionization  at  70  eV,  and  the  mass  spectrum  scanned 
from  m/z  35-450.  Chromatographic  data  were  acquired  using  HP 
Chemstation  software. 


Table  la 

Solvent  samples:  composition  and  classification. 


Pure  solvents 

Solvents 

Dose 

N# 

PC 

HR 

1 

LR 

2 

T 

3 

DMC 

HR 

7 

LR 

8 

T 

9 

DEC 

HR 

10 

LR 

11 

T 

12 

BL 

HR 

13 

LR 

14 

T 

15 

MB 

HR 

25 

LR 

26 

T 

27 

EA 

HR 

28 

LR 

29 

T 

30 

Solvent  mixtures 

Solvent  mixtures  (v/v) 

Dose 

N# 

EC/DMC  (90/10) 

HR 

4 

LR 

5 

T 

6 

PC/EC/DMC  (20/20/60) 

LR 

66 

T 

67 

EC/DEC  (40/60) 

LR 

68 

T 

69 

EC/BL  (18/82) 

LR 

70 

T 

71 

Solvent  mixtures  with  an  additive 

Solvents 

Additive  (wt.%  VC) 

Dose 

N# 

DMC 

2 

HR 

16 

LR 

17 

T 

18 

10 

HR 

19 

LR 

20 

T 

21 

20 

HR 

22 

LR 

23 

T 

24 

PC/EC/DMC  (20/20/60) 

1 

HR 

31 

LR 

32 

T 

33 

EC/DEC  (40/60) 

1 

HR 

34 

LR 

35 

T 

36 

EC/BL  (18/82) 

1 

HR 

37 

LR 

38 

T 

39 
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Table  lb 

Electrolyte  samples:  composition  and  classification. 


Solvent  mixtures  (volume  ratio)  Salt 

Additive  (wt.%  VC)  Dose 

N# 

PC/EC/DMC  (20/20/60) 

LiPFg  1  M 

1 

HR 

40 

LR 

41 

T 

42 

EC/DEC  (40/60) 

LiPFg  1  M 

1 

HR 

43 

LR 

44 

T 

45 

EC/BL  (18/82) 

LiBF4  1  M 

1 

HR 

46 

LR 

47 

T 

48 

PC/EC/DMC  (20/20/60) 

LiPFg  1  M 

None 

HR 

49 

LR 

50 

T 

51 

EC/BL (18/82) 

LiBF4  1  M 

None 

HR 

64 

T 

65 

3.  Results  and  characterisations 

3.1.  Visual  investigation 

The  batches  HR,  LR  and  T  are  visually  compared.  All  pure  sol¬ 
vents  and  their  mixtures  remain  transparent  whatever  the  nature 
of  the  treatment.  Solvent  mixtures  containing  1%  by  weight  of  VC 
are  translucent  and  are  apparently  not  modified  by  7-irradiation. 
Nevertheless,  solvent  mixtures  containing  DMC  show  the  appear¬ 
ance  of  a  white  trouble.  This  suspension  thickens  with  increasing 
VC.  These  observations  can  be  explained  by  the  polymerization 
of  VC  into  poly-VC  under  the  effect  of  7-radiation.  As  a  matter 
of  fact,  the  formation  of  oligomers  by  polymerization  of  VC  was 
already  demonstrated  by  several  groups  [7-9].  Ding  et  al.  prepared 
the  poly-VC  by  thermal  polymerization  with  AIBN  as  an  initiator 
[7].  Moreover,  according  to  our  observations  the  presence  of  DMC 
seems  to  promote  this  phenomenon. 

After  irradiation,  the  electrolyte  solutions  containing  the  LiPF6  as 
lithium  salt  show  a  discoloration  from  straw  brown  to  dark  brown. 
This  color  change  was  also  observed  by  Ding  et  al.  [5]  for  an  elec¬ 
trolyte  EC/DEC/LiPFg.  Moreover,  we  can  note  that  the  discoloration 
is  more  strongly  pronounced  for  HR  batches.  On  the  contrary,  the 
electrolyte  containing  the  LiBF4  salt  shows  very  little  discoloration. 
The  absence  of  precipitate  in  samples  containing  DMC  and  VC  can 
be  explained  by  the  presence  of  ionic  charges  resulting  from  the 
dissociation  of  the  lithium  salt  which  prevent  the  formation  of 
large  polymers.  Indeed,  the  ions  in  solution,  act  as  radicals  traps 
which  stop  the  polymerization  process  and  cause  the  formation  of 
oligomers,  which  are  not  visible.  Taking  into  account  this  result, 
we  have  tested  the  thermal  stability  of  two  samples  of  each  elec¬ 
trolyte  (PC/EC/DMC  LiPFg  1  M  and  EC/BL  LiBF4  1  M),  one  freshly 
prepared  in  a  dry-box  and  another  corresponding  to  the  T  batch.  The 
experimentation  is  performed  in  a  thermostated  oven  at  80  °C  and 
100  °C  for  samples  42, 48,  51  and  65  and  for  freshly  prepared  sam¬ 
ples  with  the  same  composition  (noted  (A)  for  solution  PC/EC/DMC 
LiPFg  1  M  and  (B)  for  mixture  EC/BL  LiBF4  1  M).  The  visual  aspect  is 
checked  every  hour  and  the  results  obtained  are  listed  in  Table  2. 
The  discoloration  observed  for  the  LiPF6 -containing  electrolyte  at 
80  °C  is  strongly  pronounced  while  the  samples  containing  LiBF4 
remain  transparent.  Several  authors  have  shown  that  LiPFg  is  ther¬ 
mally  unstable,  inducing  a  discoloration  of  solutions  [9-12].  This 
phenomenon  is  probably  due  to  the  formation  of  radicals  [5]. 

3.2.  Conductivity  and  viscosity  measurements 

Conductivity  and  viscosity  of  the  samples  measured  at  25  °C  are 
comparable  for  T,  HR  and  LR  batches.  Table  3  indicates  a  and  rj  values 


Table  2 

Color  of  PC/EC/DMC  LiPF6  (1  M)  and  EC/BL  LiBF4  (1M)  solutions  with  time  and 
temperature. 


for  DMC  samples  and  electrolytes  solutions  with  LiPFg  and  LiBF4 
salts.  For  DMC  and  DMC  +  2  wt.%  VC,  the  variation  in  conductivity  is 
very  low  and  in  the  range  of  the  instrument  accuracy.  For  DMC  +  10 
and  20  wt.%  VC,  we  can  note  a  slight  decrease  in  a  for  HR  and  LR 
batches  compared  to  the  T  batch.  The  same  observation  can  be  made 
for  electrolytes  containing  VC  compound.  Indeed,  in  the  samples 
containing  DMC  and  VC,  we  have  observed  the  polymerization  of 
the  VC  compound.  We  can  suppose  that  during  the  polymerization 
process,  the  impurities  are  trapped  in  the  macromolecules  formed. 
The  higher  conductivity  obtained  for  the  T  batches  with  increasing 
VC  content  can  be  explained  by  impurities  in  VC  or  by  the  presence 
of  free  radicals.  It  can  be  concluded  that  the  irradiation  process  does 
not  involve  the  formation  of  ionic  compounds. 

The  viscosity  values  show  an  increasing  tendency  for  batches  HR 
and  LR.  The  high  viscosity  for  sample  20  is  due  to  the  formation  of 
the  white  solid  (poly-VC)  which  thickens  the  solution. 

3.3.  Spectroscopy  analyses 

The  FTIR  spectra  of  all  samples  are  measured  before  and  after 
7-radiation.  In  Fig.  1  are  displayed  for  a  comparison  purpose,  the 

Table  3 

a  and  r\  at  25  °C  for  selected  samples. 


a  Values  lower  than  the  detection  limit  of  this  apparatus. 
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cm-1 

Fig.  1.  Comparison  of  FTIR  spectra  of  DMC  +  2  wt.%  VC  mixtures  according  to  the  nature  of  the  treatment. 


FTIR  spectra  of  DMC  samples  containing  2  wt.%  VC  for  batches  T, 
HR  and  LR.  The  pronounced  peaks  at  2800-3200  cm-1  attributed 
to  the  C-H  symmetric  stretching  vibration  in  the  vinylene  group 
are  considerably  reduced  after  high  rate  irradiation  [13].  The  same 
observation  is  obtained  for  the  peak  at  1630  cm-1  assigned  to  the 
C=C  stretching  vibration  of  VC.  This  indicates  that  the  sample  placed 
near  the  radiation  source  is  more  strongly  degraded  than  the  sample 
exposed  to  the  low  rate  dose.  Another  peak  at  about  1850  cm-1 
attributed  to  uc=o  of  VC  is  only  detected  for  the  T  batch.  As  observed 
previously,  this  result  shows  that  in  the  DMC/VC  solutions,  it  is  the 
VC  compound  which  is  modified  by  7-radiation. 

In  order  to  obtain  information  on  the  effect  of  the  VC  compound 
in  the  electrolyte,  FTIR  spectra  of  the  samples  containing  2, 10  and 
20  wt.%  VC  are  compared  in  Fig.  2  for  HR  batches.  The  bands  at 
3160  cm-1,  1850  cm-1  and  1060-1160  cm-1  attributed  to  VC  are 


absent  in  the  DMC  +  2  wt.%  VC  spectrum,  whereas  they  are  visible 
on  the  DMC +  10  and  20  wt.%  VC  spectra.  The  spectral  differences 
of  the  mixtures  containing  the  VC  compound  are  attributed  to  the 
possible  polymerization  of  a  fraction  of  the  VC  into  poly-VC  [14]. 
The  samples  containing  10  and  20  wt.%  of  VC  show  that  part  of  the 
VC  remains  unmodified  under  the  effect  of  7-radiation.  In  contrast, 
for  samples  containing  2  wt.%  VC  (quantity  used  in  classical  Li-ion 
batteries  electrolytes),  all  VC  is  transformed. 

There  is  no  peak  detected  in  chromatograms  obtained  with 
GC-MS  for  non-irradiated  and  7-irradiated  samples.  Because  of 
high  volatility  of  carbonates,  these  compounds  are  with  the  solvent 
front,  and  are  not  detected  by  mass  spectrometer.  However,  the  flat 
chromatograms  indicate  that  there  is  no  more  other  organic  volatile 
compounds  in  the  samples  analyzed.  We  can  conclude  that  there  is 
no  degradation  product. 


Fig.  2.  Comparison  of  FTIR  spectra  of  mixtures  DMC  +  2, 10  and  20  wt.%  VC  for  HR  batches. 
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Fig.  3.  1 H  NMR  spectrum  of  EC/DEC  + 1  wt.%  VC  (sample  36). 


1H  and  13  C  NMR  experiments  show  that  the  only  visible  dif¬ 
ference  between  these  spectra  consists  in  the  disappearance  of 
VC  signals  for  7-irradiated  samples.  As  there  is  no  other  sig¬ 
nals  on  these  spectra,  we  must  conclude  that  VC  transforms  into 
solid  poly-VC.  Fig.  3  shows  the  NMR  spectrum  of  mixture  36 
(EC/DEC  + 1  wt.%  VC).  We  can  see  on  that  spectrum  the  signal  of  VC 
ethylenic  protons  at  7.16  ppm.  Fig.  4  shows  the  comparison  of  1H 


NMR  spectra  of  mixtures  34  (up),  35  (middle)  and  36  (down),  in  the 
7.5-7  ppm  region.  We  observe  the  total  disappearance  of  VC  signal 
during  7-irradiation.  The  7.3  ppm  peak  is  the  solvent  signal  (CDCI3 ). 
We  have  identical  results  with  13 C  RMN  spectra.  Fig.  5  shows  the 
spectrum  of  mixture  number  36.  The  132.3  ppm  peak  is  attributed 
to  VC  carbonyl.  The  comparison  of  13  C  NMR  spectra  is  presented 
in  Fig.  6  for  mixtures  34  (up),  35  (middle)  and  36  (down),  in  the 
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Fig.  4.  Zoom  of  7-7.5  ppm  region  for  the  spectrum  of  Fig.  6  showing  VC  signal  at  7.16  ppm  (bottom,  sample  36),  and  disappearance  of  this  signal  for  irradiated  samples  (middle, 
sample  35  and  top,  sample  34). 
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Fig.  5.  13  C  NMR  spectrum  of  the  sample  36. 
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Fig.  6.  13C  NMR  spectra  for  mixtures  34  (up),  35  (middle)  and  36  (down),  in  the  140-120  ppm  region. 


140-120  ppm  region  showing  disappearance  of  VC  signal  during 
7-irradiation. 

4.  Conclusion 

The  investigation  of  the  influence  of  7-radiation  on  lithium-ion 
batteries  is  required  for  their  optimization  in  space  applications. 
This  study  is  designed  to  investigate  the  effects  of  irradiation  on 
the  electrolyte  and  on  its  different  components.  It  is  shown  that  7- 
radiations  have  a  large  impact  only  on  VC  as  an  electrolyte  additive 
and  on  LiPF6  as  a  lithium  salt.  In  VC-containing  samples,  a  great  dif¬ 
ference  is  noted  before  and  after  irradiation  with  the  formation  of  a 
white  solid  in  suspension.  This  phenomenon  is  particularly  visible 
with  other  samples  containing  DMC.  We  attribute  the  formation 
of  this  solid  to  the  low  solubility  of  the  polymeric  species,  mainly 


polycarbonate,  in  DMC  which  has  a  very  low  dielectric  constant  as 
compared  to  PC  or  EC.  Several  authors  have  described  the  polymer¬ 
ization  reaction  of  the  vinylene  monomers  [15,16].  Spectral  studies 
indicate  that  the  deterioration  of  VC  is  more  pronounced  for  HR 
batches.  The  formation  of  macromolecules  is  visible  in  particular 
for  DMC  samples  containing  10  wt.%  and  20  wt.%  of  VC. 

This  paper  also  demonstrates  that  the  electrolytes  containing 
the  lithium  salt  LiPF6  are  modified  under  a  7-radiation  environ¬ 
ment  as  the  samples  exposed  to  these  radiations  become  colored 
as  observed  for  heated  LiPF6  solutions.  Consequently,  7-radiation 
induces  the  polymerization  of  VC  into  poly-VC  (total  or  partial) 
and  the  degradation  of  LiPF6  based  electrolytes.  At  the  opposite, 
the  electrolytes  containing  LiBF4  do  not  show  any  visible  change. 
Hence,  it  would  be  preferable  to  use  LiBF4  instead  of  LiPF6  in 
electrolytes  designed  for  space  applications  and  to  replace  VC  by 
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another  non-polymerizable  additive  to  enhance  the  SEI  transport 
properties. 
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